Three deep-pore locations, L312, A313, and A316, were identified in a scanning mutagenesis study of the BK (Ca 2+ -activated, largeconductance K + ) channel S6 pore, where single aspartate substitutions led to constitutively open mutant channels (L312D, A313D, and A316D). To understand the mechanisms of the constitutive openness of these mutant channels, we individually mutated these three sites into the other 18 amino acids. We found that charged or polar side-chain substitutions at each of the sites resulted in constitutively open mutant BK channels, with high open probability at negative voltages, as well as a loss of voltage and Ca 2+ dependence. Given the fact that multiple pore residues in BK displayed side-chain hydrophilicity-dependent constitutive openness, we propose that BK channel opening involves structural rearrangement of the deep-pore region, where multiple residues undergo conformational changes that may increase the exposure of their side chains to the polar environment of the pore.
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gating | structure-function | ion channel pore L arge-conductance, Ca 2+ -activated K + (BK) channels regulate physiological processes such as neurotransmitter release, smooth muscle contraction, and hair cell frequency tuning (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) . BK channel proteins are homotetramers formed by BK α-subunits, which then associate with different β-or γ-subunits in a tissue-specific manner (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . The α-subunit of the BK (K Ca 1.1) channel is encoded by the KCNMA1 gene, first discovered in Drosophila as the slowpoke mutation (dSlo) (23, 24), and later identified in mouse (mSlo1) and human (hSlo1) (25, 26) . Each α-subunit has seven transmembrane segments (S0-S6), with the S6 segments lining the pore. A similar structural arrangement is found in other members of the K + channel protein family. From a functional point of view, the gating behavior of BK channels can be described as a central C⇔O (i.e., closed⇔open) transition, influenced by voltage sensor movement and/or Ca 2+ binding (27-31). The structural basis for this C⇔O transition is believed to be conformational changes of the S6 segment and/or the selectivity filter (32, 33), controlling the passage of K + ions across the membrane.
Molecular details of gating-related conformational changes have been probed with mutagenesis-based methods for BK and related channels. Although it has been demonstrated that voltage-gated (Kv) K + channels open by a cytoplasmic S6 "bundle crossing" gate (34-37), evidence has accumulated that the opening conformational change of BK, like cyclic nucleotidegated (CNG) channels, occurs deeper in the pore, closer to the selectivity filter (38-46). With the goal of further understanding the opening conformational change in BK channels, we used a histidine substitution/protonation strategy and identified a residue in BK S6 (M314 in hSlo1) whose side chain turns more toward the pore when the channel is open. The open conformation can be stabilized by the presence of side-chain charges at this location, with the aspartate mutant being the most effective in keeping the channel open in neutral pH (47).
To uncover more dynamic details at other pore residues during BK channel gating, we scanned the S6 segment cytoplasmic to the selectivity filter with single aspartate substitutions (I308D→N328D). Because the S6 residues of K + channels reside on the interface between a polar (the water and ion filled pore) and a nonpolar (the rest of the protein in the membrane) environment, we expect the charged side chains of substituted aspartates to prefer the more aqueous environment of the pore, making the conformations with such side-chain orientation energetically favorable. If these conformations correspond to any functional states of the channel, such states may be stabilized, and will be functionally measurable. Our previous studies identified the M314D mutant channels as favoring the open state, consistent with greater exposure of this side chain to the pore upon opening.
In addition, the S6-formed pore is believed to host a "gate" that, when closed, prevents the passage of ions. The nature of such a gate, in its closed conformation, is proposed to be an occlusion structure formed by the side chains of amino acid residues at the gate location. In the structural model of the closed KcsA channel, at three residue locations (T107, A111, V115) to the intracellular end of its TM2 (equivalent of S6 in mammalian K + channels) ( Fig. 1) , one could see the side chains at equivalent locations from the four subunits come very close to each other in the pore, occluding passage of K + (48, 49). In the structural model of an open KcsA channel, pore diameters at the same locations are significantly larger (50, 51).
One way to functionally locate such a tightly packed occlusion structure is to try to disrupt it with small, charged, or large side-chain amino acid substitutions. Application of this method on the Shaker K + channels, together with prior evidence from cysteine accessibility experiments, identified V478 or F481 as candidate locations for the gate (52). With location P475, the aspartate mutant is constitutively open, the result of a shifted energetic balance between the closed and the open states (52, 53) (Fig. 1) . If the BK channel gate is also formed by specific, intersubunit hydrophobic interactions between four equivalent residues in the tetramer, such as suggested by
Significance
The BK calcium-activated potassium channels are important regulators of electrical and calcium signaling in many types of tissue. BK channel activation involves complex conformational changes. We investigated the molecular details of such conformational changes with scanning mutagenesis and electrophysiological measurements. We found multiple pore residues that reorient their side chains during channel opening. These findings bridge the gap between our knowledge about the static X-ray structure of ion channel pores and knowledge about their functional dynamics.
the KcsA structure, the charges on the substituted aspartate side chains may also prevent such interactions and reveal the location of the gate.
Results
Despite strong conservation of the selectivity filter sequence among different K + channels, amino acid sequences along the S6 pore, cytoplasmic to the selectivity filter, are quite different. In Fig. 1 , sequences are aligned for KcsA, Shaker, and hSlo1 (human BK), starting at the threonine of the signature "TVGYGD."
Aspartate Scanning Mutagenesis Identified Multiple Constitutively
Open Mutants in the Deep-Pore Region of BK. We scanned BK S6 cytoplasmic to the selectivity filter (residues 308→328 in hSlo1) with single aspartate substitutions. For some positions, voltageand Ca 2+ -dependent gating is largely preserved, with only small shifts of G-V curves compared with the wild-type BK channel (E324D, G327D, N328D) ( Fig. 2 and Table S1 ). Channels with aspartate substitutions at other positions had significantly rightshifted G-V curves (L309D, G311D, E321D, I323D, and L325D), suggesting the closed states are energetically favored relative to wild type, whereas left-shifted G-V curves (I308D, G310D, S317D, Y318D, P320D) suggest the open states being energetically favored (Fig. 2 and Table S1 ). M314D, the mutation described in our previous study (47), had a constant G/G max of about 0.25 between −100 and 0 mV in 0 Ca 2+ (Fig. 2) . Three other mutants, L312D, A313D, and A316D, were constitutively open, with open probabilities close to 1 at −100 mV in 0 Ca 2+ , as well as a loss of voltage and Ca 2+ dependence in channel gating (Fig. 2 , highlighted number labels in blue, red, and green; Table S1) (Fig. 1 , highlighted residues in blue, red, and green). Intracellular Ca 2+ , at a concentration of 85 μM, shifted the G-V curves in the negative direction, except for the three constitutively open mutants. Under these conditions, channels such as I308D, M314D, S317D, Y318D, and P320D also had high open probabilities at negative potentials (G/G max ≥ 0.5, −100 mV).
In comparison with similar studies on Shaker (the N-type inactivation removed Shaker-IR, specifically) channels, where aspartate substitution at a single location P475D (equivalent to BK P320D, which had a left-shifted G-V curve in 0 Ca 2+ compared with wild type) led to constitutively open channels, we found three locations in BK with the same gating behavior. In addition, these residues are located in the deep-pore region of the BK channel, unlike P475 in Shaker, which is in the intracellular "bundle-crossing" region (52, 53). The three locations in BK, L312, A313, and A316, or their equivalents in related channels, have been individually identified in previous studies to contribute to aspects of gating (46, 54, 55). The L312 residue, for example, was previously identified in an alanine scanning mutagenesis study to yield a low-voltage-activated mutant (L312A) (54).
Most Amino Acid Substitutions at the L312 Location Produced Channels with High Open Probability in 0 Ca 2+ and Low Voltage.
Consistent with these previous reports (54), replacement at the L312 location by cysteine (C), valine (V), serine (S), or glutamine (Q) led to channels with high open probability (G/G max > 0.5) in 0 Ca 2+ and hyperpolarized voltage (−100 mV). We report additional replacements showing similar gating behavior, including glycine (G), threonine (T), aspartate (D), and asparagine (N). Besides a much reduced voltage dependence for the gating of these mutants, the Ca 2+ sensitivity seems to be lost as well, because higher Ca 2+ concentration did not further promote channel opening ( Fig. 3 and Table S2 ). The methionine (M) substitution retained gating behavior of the wild-type channel, so did the phenylalanine (F) except for small rightward G-V shifts in both 0 and 85 μM Ca 2+ . Both the alanine (A) and isoleucine (I) substitutions led to significant leftward shifts of the G-V curves compared with wild type in 0 Ca 2+ . For the channels that are not constitutively open, higher intracellular Ca 2+ concentration at 85 μM shifted the G-V curves further to the left and led to an apparent reduction of voltage dependence in the case of isoleucine (I) (note the shallow slope of the G-V curve for L312I) (Fig. 3) . Because the mutations were made in the pore region, they most likely influenced the C⇔O equilibrium, which can result in constitutive opening, as well as apparent losses of voltage and Ca 2+ dependence via allosteric mechanisms (31). , replacement of the endogenous alanine by phenylalanine (F), isoleucine (I), leucine (L), cysteine (C), valine (V), or methionine (M) caused the G-V curves to shift rightward; replacement by glycine (G), tyrosine (Y), threonine (T), tryptophan (W), or serine (S) led to left-shifted G -V curves. In addition to the aspartate (D) substitution, channels with asparagine (N), glutamine (Q), glutamate (E), histidine (H), lysine (K), arginine (R), or proline (P) at the A313 location were constitutively open. Except for proline (P), all of the side chains causing constitutive openness at position 313 are charged or polar. Higher intracellular Ca 2+ concentration at 85 μM shifted the G -V curves to the left, except for the channels that were already constitutively open ( Fig. 4 and Table S3 ). Inward A3 active mutants (Fig. 4 , trace examples), but was reminiscent of the MTSET block of the A313C channels (46). The lysine (K) and arginine (R) side chains are both large and positively charged, as is MTSET.
Charged and Polar Amino Acid Substitutions at the A316 Location
Produced Constitutively Open Channels. The previous cysteine scanning mutagenesis studie o s l a s reported state-dependent s of MTSET modi tion rates for A316C, similar to those of A313C. In addition, the A316 location is unique in that the MTSET n led to total loss of current, because of block at a positive membrane potential (46). Similar observation was made for the A88 (equivalent of A316 in hSlo1) location in the related bacterial channel MthK, where bulky side-chain substitutions led to reduced single-channel conductance. The A88D mutant of MthK was also constitutively open (55). We went on to replace A316 with all of the other amino acids.
In 0 Ca 2+ , replacement of the endogenous A316 with methionine (M), phenylalanine (F), tyrosine (Y), valine (V), cysteine (C), isoleucine (I), or leucine (L) led to rightward shifts of the G -V curves; whereas serine (S), glycine (G), threonine (T), or proline (P) substitutions caused leftward shifts of the G -V curves. At the A316 location, besides the aspartate (D) substitution, asparagine (N), glutamine (Q), glutamate (E), lysine (K), and arginine (R) all led to constitutively open channels. The histidine mutant (A316H) also had substantial open probability with 0 Ca 2+ and hyperpolarization ( −100 mV). The 85 μM Ca 2+ on the intracellular side shifted the G -V curves to the left except for the channels that were already constitutively open ( Fig. 5 and Table S4 steady-state currents was observed for A316K and A316R, compared with those same mutants at the A313 location ( Fig. 5 , trace examples).
Side-Chain Solvation Energy of Substituted Amino Acids Correlates with the Propensity for Mutant Channels to Stay Open.
As shown in Figs. 2-
G -V V 1/2 and z do not necessarily describe the energetics of channel gating without a more comprehensive kinetic model, especially for the constitutively open mutants. T G -V curves, we used another parameter, G /G max at the V 1/2 of wild-type BK channel -(G /G max ) mut (V 1/2,wt ). This parameter qualitatively describes the position of the G -V curves. The wild-type value is has a G -V curve on the right side of the wild type and that it is means that the mutant has aG -V curve on the left side of the wild type and that it is easier for the channel to open (Materials and -independent C⇔O transition. We plotted (G/G max ) mut (V 1/2,wt ) against amino acid side-chain volume (Fig. 6 , Upper) or solvation energy [free energies of transfer of amino acid side chains to water from cyclohexane (56)] (Fig. 6, Lower) .
At L312, quite a few mutants did not produce currents that can be measured under the experimental conditions (neutral pH, 0 or 85 μM Ca 2+ , and voltage ranges from −100 to +200 mV). Among the mutants that did produce measurable currents, most of them were constitutively open, and they all have side chains that are both smaller and more hydrophilic than that of the endogenous leucine (Fig. 6) .
For the A313 mutants, (G/G max ) mut (V 1/2,wt ) had little correlation with the size of the side chains. However, side chains with negative solvation energies all resulted in high open probability channels. [The solvation energy of tyrosine (Y) at 25°C and pH 7 is −0.59 kJ·mol −1 (56).] Among these substitutions, A313R, A313D, A313E, A313N, A313Q, A313K, and A313H were constitutively open, whereas A313S, A313T, and A313Y had significantly left-shifted G-V curves in comparison with wild type, resulting in large (G/G max ) mut (V 1/2,wt ) values (Fig. 6) . The A313W mutant also had a G-V curve that is left shifted, to an extent where the G/G max reached 0.95 at the V 1/2 of wild type in 0 Ca 2+ (Fig. 6 ), but the channel can still close with hyperpolarization (Fig. 4) . The A313P mutant, however, was constitutively open, like the charged and the strongly polar substituted mutants (Figs. 4 and 6) .
Side-chain size also did not correlate with (G/G max ) mut (V 1/2,wt ) for the A316 mutants. However, charged and strongly polar residues led to constitutively open channels. Like the cases for L312 and A313, the sign of the substituted charges did not seem to create much difference in how likely the channels stay open. Other side chains with negative solvation energies such as serine (S) and threonine (T) also made it easier for the channel to open, evident from the leftward G-V shifts (Figs. 5 and 6 ). Unlike the A313 location, where A313Y had a left-shifted G-V curve in comparison with wild type, the G-V curve for A316Y was greatly right shifted. In addition, the proline substitution at A316 did not make the channel constitutively open (Figs. 5 and 6 ).
The Deep-Pore Location, as Well as Reduction in Side-Chain Solvation Energy, Are Important Factors in Rendering the Mutant Channels Constitutively Open. Because side-chain solvation energy seemed to be an important factor in determining the constitutive openness of the L312X, A313X, and A316X mutant channels, we asked whether differences in side-chain solvation energy between the substituted aspartate and the endogenous residue are larger at these locations than at other locations along S6, hence the more significant gating effects. In Fig. 7A , we plotted ΔV 1/2 (in 0 Ca 2+ , compared with wild type) of the aspartate mutants for all of the tested locations along S6. For the same locations, we plotted in Fig. 7B the difference in side-chain solvation energy between the substituted aspartate and the endogenous residue. With the exception of E321D, E324D, and N328D, reduction in solvation energy was larger than 36 kJ·mol −1 for all of the other locations, but only L312D, A313D, and A316D were constitutively open. [The slow kinetics and nonzero open probability at negative voltages (47) for M314D were not reflected by ΔV 1/2 .] Therefore, conformational changes involving these three deeppore locations may have larger energetic contributions to the C⇔O equilibrium than those involving the other S6 residues.
It is also noteworthy that the same amino acid switches produced different, even opposite gating effects at different locations along the pore. For example, the leucine-to-aspartate switch, although making L312D constitutively open, led to greatly rightshifted G-V curves at L309 and L325. The isoleucine-to-aspartate switch at I308 made the channels easier to open, but very high voltages and/or Ca 2+ were needed to open I323D channels. The three glycines in the pore, G310, G311, and G327, displayed three different gating phenotypes when replaced by aspartates. The G-V curves of G327D were close to those of wild type; G310D had significantly left-shifted G-V curves; whereas G311D was among the most difficult to open. The glutamate-to-aspartate switch, despite a small change of the side chains, made the E321D channels hard to open, but E324D G-V curves overlapped with those of wild type (Figs. 2 and 7 , and Table S1 ). These observations suggest diversity in the types of S6 side-chain movements during BK channel opening.
Discussion
Starting with the finding that the L312D, A313D, and A316D mutant BK channels were all constitutively open, we further investigated the mechanisms of such gating phenotypes by other amino acid substitutions. A salient similarity among all three locations is that not only aspartate but also other charged or polar residues, positive or negative, irrespective of side-chain size, led to constitutively open channels.
For the L312X mutants, besides side-chain hydrophilicity, amino acids with side-chain volume less than that of the endogenous leucine also made the mutant channels constitutively open. Our results are consistent with previous studies (54), the interpretation of which included a hypothetical, specific intersubunit hydrophobic interaction (L312 with F315 from neighboring subunits) to stabilize the closed conformation (54). In these previous studies, L312 was identified as a unique location where an alanine substitution led to low-voltage-activated BK channels (L312A). Because the 313 and 316 positions have alanines endogenously, they were not examined in the alanine scan mutagenesis. By scanning the BK S6 pore with other amino acid substitutions, we demonstrate that the constitutive activity was not a unique feature of the L312 location.
Specific, closed-state-stabilizing, intersubunit interactions, as well as side-chain dynamics, are proposed to explain why the A88D (equivalent of A316D in hSlo1) mutant in MthK is constitutively open (55). Analysis of other substitutions at the same location, together with reference to the open and closed structure of another channel, bacterial NaK, led to the hypothesis that the A88 side chain points to the center of the pore in the open conformation, but points tangential to the central pathway in the closed conformation, participating in intersubunit helical packing with hydrophobic chains of a few residues in the neighboring inner helix (equivalent of S5 in BK) (55). Because these studies were motivated by X-ray crystal structure models of MthK showing the unique position of A88, other pore-lining residues were not subjected to mutagenesis to investigate their potential roles in gating-related conformational changes. Our aspartate scanning mutagenesis of the BK channel S6 revealed a couple of prominent features about the BK channel pore. First, unlike the Shaker channel, where aspartate substitution at the intracellular end of S6 resulted in channels being constitutively open, the constitutively open BK mutants had aspartate substitutions in the deep-pore region, immediately cytoplasmic to the selectivity filter and above the intracellular end of S6. In addition, we found three locations along BK S6 that, when individually replaced by aspartate, made the channel constitutively open.
If the aspartates made mutant channels constitutively open by eliminating a specific, intersubunit interaction at the BK channel gate (Fig. 8A) , such a gate does not appear to be at the intracellular end of S6 in BK. It is also unlikely that three independent gates are present in the deep pore of BK, each formed by intersubunit interactions of equivalent L312s, A313s, or A316s, respectively, because disrupting only one of those interactions should still leave the other two intact, unless some other conformational changes happened to render the other two unable to close either. Therefore, if the constitutively open channels are just results of disruption of an intersubunit hydrophobic interaction, such interaction will need to involve all L312, A313, and A316 side chains, spanning two helical turns on S6.
Alternatively, although various specific interactions have been proposed to explain the open phenotypes of BK-related pore mutants, given the fact that multiple pore residues in BK displayed side-chain hydrophilicity-dependent constitutive openness, the simpler interpretation may be the energetic preference of the hydrophilic side chains to turn toward the polar environment of the pore. It is possible that L312, A313, and A316 side chains are more exposed to the polar environment of the pore when the channel is open, compared with when the channel is closed. When charged or polar residues are substituted into these locations, the pore-exposed orientation of the side chains should be more energetically favorable, leading to a stabilized open conformation (Fig. 8B) . Our results do not exclude the possibility that one of the three locations could host the "gate" and the other two participate in channel opening by turning their side chains. In any case, the open-state stabilization mechanism (Fig. 8B) needs to be included to explain all of the observations.
Together with M314, we have now identified at least four residues in BK deep pore that may undergo side-chain reorientation during channel opening. The structure of the BK channel in this region is not known. When threading the hSlo1 sequence onto the structural models of the related Kv1.2 and MthK, we found this deep-pore region to be less resolved than the well-conserved parts of the helices (47). If the deep-pore region were also a well-defined α-helix, then at least two out of the four locations (L312, A313, M314, and A316) would be on the opposite sides of the helix (46). A rigid-body, rotational movement, as proposed for lower S6 of Shaker and CNG channels (57, 58), does not seem to be able to accommodate the fact that all four side chains go from more buried to more exposed conformations upon opening. However, even with α-helical structures, movements of side chains independent of the rigid-body motion were observed when comparing the open and closed structural models of KcsA (50, 51). Moreover, it is still possible that the structure of the deep-pore region in BK is not a rigid α-helix in all states related to opening, allowing for more flexible movements of the amino acid side chains during channel gating. At the three identified deep-pore locations in this study, a reduction of ≥27 kJ·mol −1 in solvation energy per subunit, compared with the wild-type residue, was sufficient to render the mutant channels constitutively open (Fig. 6) [taking the difference between histidine, −19.5 kJ·mol ). This comparison suggests that the sidechain reorientations, as part of the C⇔O pathway, may not be transitioning from completely buried to completely pore exposed, and that the mutations may not have achieved their maximum possible local perturbations. It is also evident that the proposed side-chain reorientations, if not directly perturbing the pore gate, must contribute to the C⇔O pathway together with other, yetunknown conformational changes, the combined energetic effects of which will eventually determine the overall C⇔O equilibrium.
It is important to point out that L312 is different from A313 and A316, in that side-chain sizes and structural isomerism also seem to contribute to the gating phenotypes. Comparing A313 and A316, a possible structural break introduced by a proline (P) made A313P stay open but A316P could still close. Bulky substitutions such as tyrosine (Y) also resulted in different gating behavior between the two locations. In terms of permeation, lysine (K) and arginine (R) substitutions at both A313 and A316 resulted in inward rectification of the current, but the extent of the rectification is significantly larger in A316K and A316R.
Differences in the mutant phenotypes suggest that, although these side chains may all go through structural reorientation during channel opening, the degree of such movement, as well as local steric constraints, may be different. Some side chains may move from barely buried, pointing tangentially to the pore, to G/Gmax at V1/2 of wild-type, 0 Ca I308D  L309D  G310D  G311D  L312D  A313D  M314D  F315D  A316D  S317D  Y318D  V319D  P320D  E321D  I322D  I323D  E324D  L325D  I326D  G327D  N328D   - directly pore pointing, as suggested for A88 in MthK; some may start from deeply buried in the membrane and move to be just exposed to the pore. The movement of others may be of a lesser amount, from just buried to barely exposed, for example. Even with the same type and amount of side-chain movement, the effect on channel gating also depends on where such movement is along the C⇔O pathway, in an energetic sense (59). Therefore, amino acids at other S6 locations could also undergo similar conformational changes (notice left-shifted G-V curves with other aspartate mutants along S6, Figs. 2 and 7) . However, the energetic effects of their movements were not as significant, the manipulation of which, with our methods, did not lead to channels being constitutively open. On the other hand, greatly right-shifted G-V curves were also observed for some S6 residues when substituted by aspartate (Figs. 2 and 7) . One possibility is that these side chains may move in a way to go from a pore-exposed to a buried conformation upon opening, so that the charges on aspartate may stabilize the closed conformation. This hypothesis will need to be tested with further experiments.
Materials and Methods
Molecular Biology and Cell Culture. Site-directed mutagenesis was conducted using the Stratagene QuikChange kit. Success of mutagenesis was confirmed by DNA sequencing. HEK293 cells were cultured following standard procedures. Wild-type and mutant BK channel cDNAs were transiently transfected into HEK cells with Lipofectamine 2000. Enhanced green fluorescent protein (EGFP) was cotransfected as a marker. Data Analysis. Currents were recorded from the patch and digitized using the ITC-16 A/D converter. Data were analog filtered at 10 kHz, digitized at 25 kHz, collected with PULSE software, and analyzed off-line with custom software written in Igor Pro. G-V curves were obtained by tail-current measurements for most mutants. For mutants with very fast tail currents, the G-V curves were calculated with steady-state current measurement divided by driving force. Similar voltage commands were used in the presence of 0 Ca 2+ at pH 7
to record "blank" current signals for subtracting linear leak and capacitive transients, scale as needed. Currents were normalized to the maximum current obtained in the same patch with saturating Ca 2+ concentration, or at high voltages (up to +300 mV). Group G-V curves were obtained by fitting a Boltzmann function to averaged data points [G/G max = base + 1/(1 + e zF((V1/2−V)/RT) ], with base = 0 for wild-type and most mutant BK channels. A nonzero base value was obtained during fitting for mutant channels with constant, nonzero G/G max values at negative voltages. To improve clarity, error bars were not included in figures where a number of G-V curves were presented. G-V curves with error bars (representing SEM) on individual mutants [except for the L312X mutants, where our data largely overlap with previously published results (54)] are presented in Fig. S1 . Fitting of the Boltzmann function to G-V curves were performed with the Levenberg-Marquardt (a version of least-squares) algorithm in Igor Pro. Error estimates of the fitting parameters z and V 1/2 , as reported in Tables S1-S4 , represent the SDs of the parameter distributions, calculated from surface plots of the χ 2 values against the fitting parameters. 
The maximum macroscopic conductance, G max , is determined by the following:
In wild-type BK channels, because P max is very close to 1, G/G max is an approximate measure of P open (this may not be the case in some mutants):
In substituting Eq. 5 into Eq. 4, we have the following:
For wild-type channels, at V 1/2 , substituting P open = 0.5 into Eq. 6:
For any mutant channel, according to Eq. 6,
If we define ΔΔG as the difference between the mutant channel and wild type as follows:
then our measurement of G/G max at wild-type V 1/2 can be considered as equivalent to the conventional ΔΔG measurement. The only difference is that we are measuring the same parameter at a different voltage, instead of at 0 mV: S1 . Steady-state G-V curves of wild-type and mutant BK channels in 0 (gray) and 85 μM Ca 2+ (green). For each panel, G/G max (ranging from 0 to 1) was plotted against voltage (ranging from −100 to +300 mV). Error bars represent SEM.
